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AN 0PTIM12EDDESIGN FOR PIGMI*

L. Hansborough, R. Harmn, J. Stovall, end I),Swenson
Los Alamos Scientific Laboratory

Los Alarm, New Mexico 07545
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PIGMI (~on~enerator for fledlcal ~rradlations)
is a compact linear proton accelerator desiq,
optimized for pion production and cancer treatment
use in a hospital environment Technology developed
during a four-year PIGMI Prototype experimental pro-
gram allovfs the design of smaller, less expensive,
and more reliable proton linacs. A new type of low-
energy accelerating Ctructure, the radio-frequency
quedrupole (RFQ) has been tested; It produces an
exceptionally good-quality beam and SI11OWSthe use of
a simple 30-kV injector. Average axial electric-field
gradients of over 9 MV/mhave been demcmstrated in a
arift-tube linac (DTL) structure, Experimental work
is underway to test the disk-and-washer (OAW)struc-
ture, Hnother new type of accelerating structure for
use in the high-energy coupled-~dvity linac (CCL).
Sufficient experimental and developmental progress
has been made to closely define an actual PIGMI,’
It will cOnSISt ofa 3D-kV injector, an RFQ linac to
a proton energy of 2.5 kk?V, a DTL linac to 125 *V,
and a CCL linac to the final energy of 650 MeV, The
tOtal lengthof the accelerator 1s 133 meters, The
RFQand DTL will be driven by a single 440-kf+z klys-
tron; the CCLwill be driven by six 1320-M-Iz klys-
t rons. Ttre peak beam current 1s 28 MA, The beam
pulse length is 601Js et a 60-Hz repE?t~tiOf7 rate,
reSUltlng h a 103-PA average beam current
The total cost of the accelerator is estimated to
be -$10 million.

lntrodJctlon——

Since its inceptlm, cancer radiotherapy has
become ircreesingly dependent upon particle accel-
erators for generating radiation, Negative picms for
cancer radiotherapy possess many characteristics that

‘Work performed under the auspices of the National
Cancer IjK’:ltute, Dlvlsion of Research and Centers,
U. S. Oepertment of Health, Education and Walfare.
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NY mdke them superior to conventional radiations,
Accelerators for proticing the 60)- to 19CE3-M”Vprotons
necessary to generate therapeutically useful beams of
pions have been large ar)d expensive. However, linear
accelerators are attractive as medical pion generators
frv several reasons: they can accelerate large cur-
rents with very low beam loss, and generally exhibit
high ac ~wer to beam-power conversion efficiencies.

As part of the PIGMI program, detailed beam-
dynarrics Studies have been done t~ assess innovative
configurations that could result in major system
ShT@ifiCat1017 or cost reductim, Prototype fabrica-
tion and testing of subsystems have been an essential
part of the effort. New technological concepts that
have been evaluated include: (1) very low-energy
Injection systems, (2) permanent-rrfa~et fccushg sYs-
temS, (>) ttlghelectrlc field-gradient operation, (4)
the RFQ accelerator, (5) coupled-cavity DAWlinac
structure, (6) modulating-anode klystron systems for
high-power operation, (7) bright-acid-leveling copper-
ple:~ing of accelerator components, and (B) resonantly
coupled accelerating structures LO retice the Com-
plexity and cost of the RF system. The result 1S

showh schematically in Fig, 1, an optimized design of

a 133-rwlong PIGMI proton linear accelerator for
producing therapeutic beams of plons.

InJ.dor

The injector system has narmally men an expen-
sive and complicated compunent of any linac. The
small PICMI injector, utilizing a duoplasmstron lon
source, Operctes at only 30 kV. The 30.keV injection
energy is selected by the beam dynamics require~nt
in the RFQ for efficient bunching in a minimum dis-
tance, and lsconslstent wltha slngle-gephl@-
brightness extraction system. The slnglbg~p CO-

vergent extraction geometry extracts a 36-mA beam at
30k@4, anda simple, three element, urdpotential
el~el lens provides electrostatic focusing or the
ion beam into the RFQ. The distance from the injector
extraction a~rture to the beginning of the RF9 llnac
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MAJOR TECHNICAL INNOVATION? PROTON BEAM PARAMETERS
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Fig, 1. Pioncmerator for bbdlcal Irrmdimtion (PIBII)

I



Fig. 2, PIGMI injector and RFQ linac.

is only 15 cm, The injector power supply is shielded
within a standard control rack with voltage protec-
tion provided by inexpensive lucite covers.

Radi&Frequency CJuadrupole Linac

The440-14+z WQ linac dramatically simplifies the
front cndof the accelerator shown in Fig. 2, The
RFQ 1s e remarkably simple accelerating structure,
and, one? tuned, requires no further adjustments.
The first RFQ structure in the western world was
tested ir the PICMI laboratory in February, 1980.
The tests were hl~ly SuCcUSSful;z the principles
ofan RFQ linec are described in Ref. 3, The PIGMI
RFQ linac is 1.78 m long; it focuses, bunches and
●ccelerates the proton beam from the injection enerpy
of JO keV to n final energy of2.5 Nav. Power is
cw,>lRd into the the WQ from the OTL. The PIGMI
RFQ’s average accelerating gradient is about
1,4 *v/m.

Orlft-Tube Linac—.—

Thet PICt41 DTL la a refinement of tho ~st-coupled
Alvsrez structure drift-tubd linac. Only one klystron
la reC’Jir9d, feeding the DTL structure through a
single iris. The 44D-ktiz DTL is a single-cavity,
post-couplec structure ’30 m long that accelerates
the beam from2.5 WV to 125 t4V. It contains 150
drift ttibes, The OTL structure is very reliabla and
requires a mhlmum ofc~trol, cxwa properly tread.
An RF power gradlont tent covlty (PIGLET) has been
tested in the PICMI laboratory tom average mxial
●lectric ~’iold grad:ent of grester than 9/k?4m;
however, k nmre cmwrative average CXIQ1 eloctrlc
fialdcrsdlen!. of6 14’/mhms been chosen to PICMl,

TIISI drift ttips are copper plated $talnlasc
steel, etch of which containe anldentfcml, SM1l
permana,nt-!ru~et wadmpole lens to focus the beam.
The length of tF.e drift tuba varies from a minlnun of
‘4 cm to m maxim of-24 cm. Thodrlft the
md~~drti~lo ecmstry ar~ ahown In Fig. 3.

!TheOTL is abricqted in twelve tmk sectlcm,
each ●bout 2.5 mln lon th, that utlllze the aaddle

t●ppromch devaloped for he PIONI Prototypa. T@ble I
CbSCrlbOS th~ characterlst.cs of elch tank section.
Eech tmk cectlonit etlffenadalumg the bottomb a

KStructural mnber uhich 1s used to support md al gn
ths drift tubas. Two slots in the topof tha tank
section allow access to the lnterlor and the ,tmtalla.
tiM Ofvmm PIJV, fixed turmro, vmlnble tunarsp
●k. The tank Mctlrms are fsbrlcsted frommild
Stsul with @ copper Dhhd interior. EWh tmk
section lB mnsetiled, tuwd, all

r
leak chackcd,

●nd wmlmd at tha fbctory prtor o l;stallatla at

u , p“

IA

Fig, 3. DTL drift-the design.

Table I
PICMI Drift Tube Linac Tank Sections

Tank
Sect ion

1
2
3
4
5
6

;

1:
11

~

Total

Length
L

2.502
2.570
2.375
2.556
2.411
2.624
2.557
2.433
2.550
2.360
2.443
2.680

30.061

NwtIer of
Drift Tubes——

:;
11

15U

Final Energy
(W)

13.4
25.0
35.7
47.2
57.5
68.5
78.7
88.2
97,8

lCM,S
115.2
125.0,—

125,0

the site--a rather slw@e mneetily operntlonwlth
only minor tuning required.

Trmnmltion Region

Th@ nhort (1.%mlong) trtirmltlon region between
th9 OTL MdCCL 1S 9hwf! In Fig. 4. TI?1o re@On
#eparstes the 440-I+M portlao ofPICMI from the
1320-Hiz portion, and it, provldm a place to exmmino
and ●djust beam cohdltiom prior to further mcceler-
tion in the~L. The trmIitlon region Conteh the
only olmctromm ots (wcept for thone necessary in

rthe lnJector) n the mtlre P113W @ccalcrctorl ●ll
other mmpats are P9rmawnt mawts.
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Table 11
PIGMI Couple&Cavity Linac Moch!es

Length Nunber Final Energy
(m) of Tanks _(Mev)——

12.60 18 193
14.61 18 271
16.22 18 357
17.52 18 450
19.58 la 548
19.f12 18 650

m m m
Ri

11-LIL Durinc! the assembly of each tank, the parts are

[
L IURBL. PLUP L s~7slmClUR[ LSmPOrarliy installed and tuned. If required,

LmTumn4L AMcHOn8taKlwc

Fig. 4. Transition regicm between the OTL and
CCL.

Co~pled-Cavity Llnac—.

The CCL is the longest part of the PIrMI accel-
erator, It is a 1320-k+lz structure that accelerates
the beam from 125 Mev to 650 MeVin-!i’9 m, with
en average axial electric field gedlunt of 8 W’/m.
‘(he PIGMI CCL is comprised of 109 tanks, with lengths
varying from 0.6 m to 1.0 m. Each tark contains 11
cells; the cell geometries are uniform throughout
each tank, but differ from tank to tank. The tanks
are resonantly COUpled by 107 single-cell bridge
couplers, eech containing an identical permanent-
magnet quadruple singlet for focusing the bemm. II
view of the disk-end-washer structure is shown in
Fig. 5. A single-cell bridge ccupler For the PICMI

-----
—m.-”

----

9.

-m. ,.”

u-.rm

Fig. 5, CCL mcceleratlng tank and bridge coupler.

npplicetlon 1s adequate to house the requJred
Quxillary apparatus (beam-focu?ing quadruples a d
bemrrbdie~ostlc equlprmt) within the line strll .
ture, Because the cell-to-cell COupih19 coefficients
are so large, the entire CCL operates os on~ resonant
unit, This ●llows operation with s mlnlnum wnnunt of
Control, once the lnltlmi tuning Qcmratim h-s been
done. *

For the pur~se Or faclllty organization, thOCCL
lU stidlvlded into6 mcdles. Each mdule 13 power?d
by ● 1320-WZ klystron. A high deorue of Slm!larltv
exists between mudules with regard to ths dlstrlbu-
tionof ttw necessary auxillsry fsatures ouch m RF
drive polnt~o diagnostic lnstrmntetlon, md wcimm
eqdpnant, Each mm’ble consists of 18 aCCeleratlnU
treks ●nd 18 coaxltl bridge couplers thtt separote
the sccalarmting tanks. The length mdmaxi~
energy amsoriatod with amch !roch.de ore glwn in
Tmbh 11. A typical INJCIUla1s sIown lnFQ. 6,

cha”nges may be made to the !ndlvldual washers, and
fabrication of the tank is completed. The tanks are
then joined together in small groups to test the
properties of the bridge couplers; minar changes
required in the bridge couplers can be made at this
time. Finally, t(,e entire CCL structure is assembled
at Lts final destination with only minor final tuning
rec@red.

RF Power System

The PIGMI frequenc~cs of 440 14-Iz and 1320 WIZ
were chosen partly on the basis of beam dynamics con-
siderations and partly on the availability of suitable
klystrons. The 60-vs, 6CAHZbeam duty factor was
adopteo for PIGMI on the basis that the power savings
resulting from the lower repstltion rate overrides
the tiddi[lonbl cost of the pulse-forming net’~ork
(PFN) modulators associated with the long pulse
length. The total peak power 4.40.Miz requirerrent 1s
19.7 t4W; the average powFr requirement IS 89,4 kw;
these can be satisfied by one Varlen VA-812E klystrun.

The cavity peak-power requirement for the 1320-k+lz
portims of FICkil is 81.4 MWand the average-power
rcqulrermt is 310.6 kw, Five Litton L-50EU klystrons
are capable of sat~sfylng both the peak-end average-
powpr requirements of the 1320 Wlz portion of PIGMI;
houeher, the PIGMI design is based on six such klys-
trcm operating at a retif,ed level, providing the
possibility of ?ontinue~ o~ration in thm event of
the outage of e single klystron.

Control and Instrumentation System.——

A PIGMI accelerator is ceslgned so that once
turned on and tunad up, it can run reliably un-
attended, Therefore, the Ma.jOr role uf the accel-
●rater control syste~n is a pe3sive one its primary
tasks are to monitor all ftcets Or routine machine
operation, to dete:t faults, and to #lert the
operator to abnornsl, or impending abnormal, situe-
tlons, then nrcessary, corrective sction can be
autcmletlc. Data cm be collected automatically on a
re~lar basis, m’$ the system w1ll support acRl-
erator maintenmlce by effective diagnostic testing,
lt provlt@s strai@tforworU ●nd, in some cases,
automatic procedures for mecldne turn-on, tme.up,
●nd fault recovery.

The design is based on m collection of SIM1l,
~ChJlnr, lntelll ant cuntrol s*,stlom, each of which

?is assoclat~dwi h m accelerator mowle, or ● loglcal
collection of aqulpnent, rec@rlng control Md ●sso-
rlated Li~al sources. Th:a approach protices an
extremlv flexible ●nd relltble control system. Each
control stctlm would include a single-board computer,
a snmll mipnant-orlentod m!scle, md the analog
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Fig. 6. Typical CCL Module.

and d~gltal interface e@ PMent. All Of these cml-
ponents are compatible with the rIsJLTIBLIS,an industry
standard microcomputer bus specification thet is
currently supported by over 50 manufacturers of cow
patible qui~nt.

The primary interface between the operator and the
accelerator wculd be at a mwksst control console. Ols-
play CQUi~nt would include a Clllor CRT for status
diSplayS, interactive Crntrol and l~m~ted graPliCS,

and a storay scope for general-purpose graphics.
Kr@smder omrator control would facilitate mst
manual tuning operations. Operatars and engineers
wwld have a variety of software tools at their
disposal, many of which could be executed co-
ncurrently. However, it 1s swtlrely pmslble that
norinsi accelerator operation can be accomplished by
the pslt~onlng of a switch to the appropriate
position: OFF, STANMYor ON.

CrncJuslt]fi—.

It wac recognized frunthe beginning tbet PIGMI,
as a mdlcal dev~ce, represents a dlfferant breed of
proton ●ccelerator frrxn the Mui:hm’re familiar
research accelerators. A very attractive feature of
the PIGMI accelerator 1s its stark slwllcity. Thare
ue only two resonant units, one at 4AD M+z, and one
at 1320 t.4iz. Almst ●ll me~etlc quadruples are
Permnent-me@et type, *ich require no ~er s~plies
or ●saoclated instrlsrmtation. TtIe in.jectlon voltage
is wppl~edby a rack--tad XLkV power supply. In
●ll, thare ❑re very few power supplies and vary few
aCtive COntrOl pSraKderS, all Of which ●re handled
by ● modest, distributed, UJLTIEu&based control sys-
tem. The optimized design ofPIGMI provides a limar
accelerator tailored to the needa of tlm Ndlcal
ccvmnlty; that is, it is relatively inexmnslva, com-
pact, reliable, provides the reqdred beeminterdty
and energy, Q d 1s ecmomlcal to opraf.e.

A cc@ete PIGMI facility will rewire a cnnstruc-
tim time of-2 years, from the beginning~f site
preparation to the 13egimlng of p9tlent treatment,

Tw-shift (16 hourS per day) operation 1s possible
with a staff of 8 people. A cost estimate hss been

made, based on the present level of the PIGMI
desi~. The construction cost of only the accel-
erator is estimted to be approximately $10 million

in 198fl *llars. F@t lncludad in th~s cost estimate

are se-vice bulldin~offlce space, cooling costs,

accelaratcr tunnel costs, and ccmtingency finds.
These will be dictatedby the needs or locatlon of
the medical center at which tha PICMI facility will
be installed,
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